The partially purified monodehydroascorbate reductase (EC 1 .6.5.4) from Euglena gracilis Z showed a pH optimum of 7.0 and a temperature optimum of 41 "C, and had an M , of 52000. Activity was threefold higher with NADPH than with NADH; the K,,, values for NADPH and NADH were 7 and 2 10 p~, respectively. The partially purified dehydroascorbate reductase (EC 1 .8.5.1) had a pH optimum of 7.0, a temperature optimum of 38 "C and an M , of 28000. The enzyme was specific for reduced glutathione as an electron donor, with a K, of 0.85 mM, and for dehydroascorbate, with a K, of 0.26 mM. The enzyme reaction proceeded in either an ordered or a random manner. Both reductases were markedly inhibited by thiol inhibitors, and the inhibition was overcome by thiol compounds such as 2-mercaptoethanol and dithiothreitol. Both reductases were cytosolic. The activities of monodehydroascorbate and dehydroascorbate reductases could account for the regeneration of ascorbate from monodehydroascorbate and dehydroascorbate produced by ascorbate peroxidase (EC 1 . 1 1 , 1 . 1 1) for scavenging hydrogen peroxide.
INTRODUCTION
The oxidation of L-ascorbate (AsA) in cell metabolism gives monodehydroascorbate (MDAsA) as the primary product and dehydroascorbate (DAsA) as the final product (Mapson, 1967) . The oxidation products can be reconverted to AsA by the corresponding enzymes: MDAsA reductase (EC 1.6.5.4) (Beevers, 1954; Nason et al., 1954) and DAsA reductase (EC I .8.5.1) (Yamaguchi & J o s h , 1952; Foyer & Halliwell, 1977) .
In Euglenagracilis large amounts of total AsA are present, although the amount of AsA usually greatly exceeds that of DAsA (Shigeoka et al., 1979a (Shigeoka et al., , 1980a . AsA peroxidase (EC 1.11.1.11) functions to remove hydrogen peroxide generated in E. gracilis cells which lack catalase (Shigeoka et al., 1980b, c) . The oxidation products of AsA are MDAsA and DAsA, as shown with horseradish (Yamazaki & Piette, 1961) and spinach (Hossain et al., 1984) peroxidases. E. gracilis contains both MDAsA reductase and DAsA reductase to constitute the oxidationreduction cycle of AsA in combination with AsA peroxidase (Shigeoka et al., 1980b) . However, the lack of information on MDAsA and DAsA reductases has limited the understanding of the significance of the AsA regeneration system.
In the present work, we partially purified both MDAsA reductase and DAsA reductase from E. gracilis and studied some of their properties. We also determined the subcellular locations of the enzymes and their participation in the regeneration of AsA. Koren & Hutner (1967) at 26 "C under illumination (3000 Ix). Stationary-phase cells were collected by centrifugation at 3000 g for 5 min.
Preparation ofcrude enzyme. Cells (10 g wet wt) were washed with 50 mwpotassium phosphate buffer (pH 7.0) containing 10% (w/v) ethylene glycol and 1 mhl-2-mercaptoethanol and disrupted in 20 ml of the same buffer by sonication (10 kHz, 3 min). The supernatant obtained by centrifugation (lOOOOg, 15 min) was used as the crude enzyme. A typical preparation showed MDAsA reductase and DAsA reductase activities of 16 and 80 nmol min-I (mg protein)-*, respectively.
Enzyme assays. MDAsA for the MDAsA reductase assay was generated by AsA and an AsA oxidase system (Arrigoni et al., 1981). The reaction mixture (2 ml) contained 50 mM-phosphate buffer (pH 7.0), 1 mM-AsA, 1 unit AsA oxidase (Boehringer), 0.2 mM-NAD(P)H and enzyme and the reaction was started by adding AsA oxidase. DAsA reductase was assayed in a reaction mixture (2 ml) containing 50 mM-phosphate buffer (pH 7.0), 2.5 mMDAsA, 2.5 mM-glutathione (reduced form, GSH), 1 unit glutathione reductase (Sigma), 0.2 mM-NADPH and enzyme by measuring the decrease in absorbance of NADPH at 340 nm. This enzyme was also assayed by following directly the increase in due to the formation of AsA (Foyer & Halliwell, 1977) . AsA peroxidase was assayed according to Shigeoka et al. (1980~) . Protein was determined by the Lowry method, with BSA as a standard.
Separation and partial pur$cation of DAsA reductase and MDAsA reductase. Purification procedures were done at 0-4 "C. The crude enzyme was applied onto a DEAE-cellulose column (2.5 x 50 cm) equilibrated with 50 mMphosphate buffer (pH 7.0) containing 10% (w/v) ethylene glycol and 1 mM-2-mercaptoethano1, and the column was eluted with 500 ml of a linear gradient of 0-0.4 M-KCl in the same phosphate buffer. The active fractions of DAsA reductase eluting in 0.1 3 M-KCl were collected, concentrated overnight in dialysis tubing with polyethylene glycol 20000 powder, and applied to a Sephadex G-100 column (2.0 x 100 cm) equilibrated with 50 mM-phosphate buffer. The active fractions were concentrated with polyethylene glycol as described above and then purified by isoelectric focusing using a 110 ml column with a 1 % (v/v) Ampholine gradient of pH 3+10-0. The activity was recovered in the fraction with a PI of 5.2. The active fractions of NADPH-and NADH-dependent MDAsA reductase eluting in 0.08 M-KCl from a DEAE-cellulose column were collected, concentrated and subjected to isoelectric focusing as described for DAsA reductase. The activity with NADPH and NADH was found in the same fraction with a PI of 6.0.
Determination o f M , bygefJiltration. The M, values of both reductases were determined with a Sephadex G-100 column (2.0 x 100 cm) equilibrated with 50 mM-phosphate buffer (pH 7.0) containing 10% (w/v) ethylene glycol and 1 mhl-2-mercaptoethanol. The M, markers were lactate dehydrogenase (109000) from pig muscle, malate dehydrogenase (68000) from pig heart, ovalbumin (43500), trypsin inhibitor (21 600) from soybean and cytochrome c (12400) from horse heart. Subcellular fractionation. Partial trypsin digestion with E. gracilis cells and subcellular fractionation by differential centrifugation were done as described previously (Shigeoka et al., 1979b) . Marker enzymes, ribulosebisphosphate carboxylase (EC 4.1.1.39) for chloroplasts (Rabinowitz et al., 1975) , succinate-semialdehyde dehydrogenase (EC 1 .2.1.16) for mitochondria (Tokunaga et al., 1976) , glucose-6-phosphatase (EC 3.1 .3.9) for microsomes (De Duve et a/., 1955) and glutamate dehydrogenase (EC 1 .4.1.2) for cytosol (Tokunaga et af., 1979) , were assayed by the methods in the cited references.
Chemicals. DAsA was prepared by bubbling Br, vapour through a freshly prepared solution of 500 pmol AsA and then bubbling with N 2 gas to remove excess Br,. DAsA was colorirnetrically determined using the 2,4-dinitrophenylhydrazine (DNPH) method (Shigeoka et af., 1979~). AsA oxidase (EC 1 .lo. 3.3) was from Boehringer Mannheim and glutathione reductase (EC 1 .6.4.2) and glucose oxidase (EC 1 . 1 .3.4) were from Sigma.
RESULTS AND DISCUSSION
Separation and partial purgcation of DAsA reductase and MDAsA reductase MDAsA reductase (NADPH and NADH), DAsA reductase and AsA peroxidase were eluted from the DEAE-cellulose column as sharp, single peaks with 0.08 M-, 0.13 M-and 0.19 M-KC1, respectively (Fig. 1) . No reductase activities were found in any other fraction, showing that E. gracilis contains only one kind of MDAsA and DAsA reductases. Both reductases were purified separately after DEAE-cellulose column chromatography ; typical partial purification steps are summarized in Table 1 . cellulose column chromatography and showed a PI of 6.0, showing that a single protein is responsible for the two activities. Activity of partially purified MDAsA reductase with NADPH was about threefold higher than with NADH. The enzyme followed MichaelisMenten kinetics within a wide range of NADPH or NADH concentration. The apparent K , values for NADPH and NADH were 7 and 210 p~, respectively, indicating that physiologically, NADPH might be the electron donor. The Neurospora reductase utilizes NADH but not NADPH (Schulze et al., 1972) , while for the spinach enzyme NADH is a better electron donor than NADPH (Hossain et al., 1984) . The optimum pH was 7.0 and the optimum temperature 41 "C. The enzyme retained full activity up to 43 "C between pH 6.0 and 7.4 and lost activity completely at 50 "C. The M, of the reductase was 52000; this value is near to those of Neurospura (Schulze et al., 1972) and cucumber (Hossain & Asada, 1985) . When MDAsA reductase was preincubated with metal ions and other compounds for 10 min at 46 "C in the absence of 2-mercaptoethanol, Cu2+ (1 mM) markedly inhibited the reductase activity, and Zn2+ inhibited it to some extent. Ca2+, Ni2+, Co2+, Mg2+, Mn2+, cyanide, azide and chelators such as EDTA and a,a'-dipyridyl (each 1 mM) had no effect. Thiol inhibitors such as p-chloromercuribenzoate (0.05 mM) and N-ethylmaleimide (1 mM) inhibited markedly, indicating the presence of a thiol group.
Some properties

S . SHIGEOKA A N D OTHERS
Some properties of DAsA reductase The purified DAsA reductase was stable up to 42 "C between pH 7.0 and 8.0; the enzyme reaction showed maximum activity at pH 7.0 and at 38 "C. The enzyme required GSH as the sole natural electron donor; NADH, NADPH and cysteine could not substitute for GSH. Double reciprocal plots of initial reaction velocity versus substrate concentration gave intersections in the upper left quadrant, indicating that the reaction proceeds by either an ordered or a random mechanism involving the formation of a ternary complex. The same mechanism has been reported for DAsA reductase in spinach leaves (Hossain & Asada, 1984) . The apparent K, values were 0.26 mM and 0.85 mM for DAsA and GSH, respectively. In spinach leaves (Hossain & Asada, 1984) , the apparent K, value for DAsA was 0.07 mM and 2.5 mM for GSH, while in human cells (Bigley et al., 1981) the K, values for DAsA and GSH were 1-3 mM and 3.8 mM, respectively. The K, value for GSH is relatively high. However, the intracellular concentration of GSH in E. gracilis is about 2 m M (data not shown). The K, value for DAsA is lower than that for GSH, as was shown in spinach leaves (Hossain & Asada, 1984) and human cells (Bigley et al., 1981) , and this would account for the observation that the concentration of DAsA is always much lower than that of AsA in E. gracilis cells (Shigeoka et al., 1979a (Shigeoka et al., , 1980a .
The M , of DAsA reductase was estimated to be 28000 by gel filtration, similar to that of the spinach DAsA reductase which is monomeric (Hossain & Asada, 1984) . The effect of metal ions and other compounds on the enzyme activity was tested after preincubation with the enzyme for 10 min at 46 "C. Zn2+ and Fe3+ at 1 mM inhibited activity completely, while Cu2+ and Col+ markedly reduced activity; Ca2+, Fe2+, Mg2+ and Mn2+ had no significant effect. At 1 mM, 2-mercaptoethanol and dithiothreitol stimulated the activity by about 2.1-and 2.7-fold, respectively, The enzyme was inhibited by N-ethylmaleimide (0-5 mM) andp-chloromercuribenzoate (0.05 mM), and inhibition was reversed by thiol reagents, indicating the presence of thiol group(s) in the E. gracilis DAsA reductase. Table 2 shows the distributions of the activities of both reductases together with those of marker enzymes in the subcellular fractions from differential centrifugation of a homogenate of E. gracilis. The activities of marker enzymes for chloroplasts, mitochondria and microsomes were high in the compartments and low in the cytosol. Both MDAsA reductase and DAsA reductase were cytosolic, as judged from the distribution of glutamate dehydrogenase, a cytosol enzyme. In higher plants (Arrigoni et al., 1981; Hossain et al., 1984) , MDAsA reductase is present in chloroplasts, mitochondria, microsomes and cytosol, and is found in the mitochondria (It0 et al., 1981) and microsomes (Schulze & Staudinger, 1971 ) of animal cells. DAsA reductase is located in the chloroplasts (Hossain & Asada, 1984) and cytosol (Arrigoni et al., 1981) of higher plants, and in the cytosol (Bigley et al., 1981) of human cells. Therefore, the occurrence of both reductases in the E. gracilis cytosol only is unique. Since AsA peroxidase is cytosolic (Shigeoka et al., 1980b) , all the enzymes related to the oxidation-reduction cycle of AsA are present in the E. gracilis cytosol, suggesting that this cycle is effectively operative as the recycling system.
Subcellular distribution of MDAsA and DAsA reductase
Participation of both reductases in regeneration of
AsA from MDAsA and DAsA Fig. 2 shows the action of MDAsA and DAsA reductases in the regeneration of AsA in E. gracilis cytosol fractionated by differential centrifugation. In the presence of a hydrogen peroxide generating system with glucose and glucose oxidase, AsA was oxidized, showing that the reaction proceeds from AsA peroxidase (trace a). On the addition of NADPH, AsA oxidation was apparently depressed. When GSH was added, the AsA level was restored gradually. The addition of NADPH before glucose oxidase decreased the rate of AsA oxidation by 25% (trace b), while the addition of GSH did not affect AsA oxidation (trace c). These results show that about 25% of the MDAsA produced by AsA peroxidase is reconverted to AsA by MDAsA reductase and that after the spontaneous disproportionation of the remaining MDAsA, DAsA is reduced to AsA by DAsA reductase. (Hossain et al., 1984) . The change in absorbance of AsA was monitored at 285 nm. Our results demonstrate that MDAsA reductase and DAsA reductase can participate in AsA regeneration in the E. gracilis cytosol by holding AsA in the reduced state, and that the oxidation-reduction cycle of AsA functions to effectively remove hydrogen peroxide. The fact that about SO-90% of total AsA is constantly present as AsA in E. gracilis grown under various growth conditions (Shigeoka et al., 1979a (Shigeoka et al., , 1980a supports the operation of AsA-regenerating enzymes under physiological conditions. DAsA reductase is coupled with glutathione reductase which catalyses the regeneration of GSH by NADPH. The E. gracilis cytosol shows a high activity of glutathione reductase (data not shown). NADPH for MDAsA reductase and glutathione reductase would be generated by NADP-dependent enzymes such as glucose-6-phosphate dehydrogenase (Smillie, 1968) , 6-phosphogluconate dehydrogenase (Smillie, 1968) , isocitrate dehydrogenase (Oda et a/., 1981) and malate dehydrogenase (Isegawa et al., 1984) located in the cytosol.
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